ABSTRACT: To define the role of dissolved organic nitrogen (DON) in Chesapeake Bay (USA) nitrogen cycling, w e performed experiments in the mesohaline Chesapeake Bay d u n n g 3 seasons: May, during the mid to late spring bloom, August, when patchy summer blooms often develop, and October, after the fall overturn. Every 3 h for 30 h we measured ambient nitrogen concentrations and used "N tracers to determine uptake and regeneration rates of NH,' and urea, uptake rates of NO,-(NO; was measured in October only), and rates of DON release due to NH,' uptake. Autotrophic production and dissolved organic carbon (DOC) release were determined sunultaneously using 'v tracer techniques to compare with nitrogen flux rates We found that first, the water column nitrogen demand exceeded nitrogen regeneration in May but n~t r o g e n regeneration was over 3 times greater than the nitrogen demand in October. Second, mean rates of autotrophic DON release were highest in May but heterotrophic release was more important in summer and fall. Third, d u n n g all 3 studies, the C N ratio of DOC to DON release rates was 3.4 to 4.5, indicating release of nitrogen-rich compounds. Release of dissolved organic matter (DOM) \nth a low C:N ratio was corroborated by an observed increase in DON concentrations from 7 to 4 2 pg-at. N I-' from May to August and a concomitant decrease in the C . N ratio of the ambient DOM pool from 36.6 to 8.8. These data suggest that Chesapeake Bay IS primarily autotrophic In the spring, but becomes progressively more heterotrophic later in the year. These data also suggest that DON is an Important intermediate in this transition and serves as a link between the allochthonous nitrogen-based autotrophic production In the spring and the autochthonous nitrogen-based heterotrophic system in the summer and fall.
INTRODUCTION
Planktonic nutrient dynamics has been studied in Chesapeake Bay (USA) for several decades. The picture emerging from this work is a system that is predominantly autotrophic in the spring when large amounts of new nitrogen, primarily in the form of No3-, enter the Bay via rivers (Malone et al. 1988 , Smith & Kemp 1995 . As the year progresses, the Bay becomes more heterotrophic in character with a planktonic conlmunity increasingly dependent on regenerated forms of nitrogen either from the sediments or recycled within the water column (Malone et al. 1988 , Smith & Kemp 1995 . Consistent with this scenario, seasonal phytoplankton biomass and pro-ductivity, integrated throughout the water column, are out of phase, wlth a spring accumulation of biomass fueled by riverine NO3-input and a summer productivity maximum fueled by benthic and water column nitrogen regeneration (Boynton & Kemp 1985 , Malone et al. 1988 , Kemp & Boynton 1992 . The switch from a primarily autotrophic system to a primarily heterotrophic system is also accompanied by a change in the limiting factor of planktonic growth rates-phosphorus limitation predominates in the spring while nitrogen limitation predominates in the summer (Malone et al. 1996) .
While the supply of new nitrogen, as NO3-, is greatest in the spring, maximum phytoplankton production, which is ultimately fueled by these spring-time nitrogen inputs, does not occur until summer (Kemp & Boynton 1984) . The role dissolved organic nitrogen (DON) plays in this scenario is largely unknown because nutrienl studies in the Bay have focused primarily on the availability and fluxes of dissolved inorganic nitrogen (DIN; e.g. Horrigan et al. 1990 , Fisher et al. 1992 . In batch cultures and a number of other aquatic environments, however, DON has been shown to be a dynamic component of the nitrogen cycle (Collos 1992 , Bronk et al. 1994 , Lopez-Veneroni & Cifuentes 1994 , Slawyk & Raimbault 1995 . Specifically, in Chesapeake Bay we know that during the decline of the spring bloom, rates of DON release from phytoplankton can be quite high, and rates of uptake of recently released DON during these periods can rival rates of uptake of DIN (Bronk & Glibert 1991 , 1993a . In addition, one form of DON, urea, can be an important source of nitrogen for the biota of the Bay, in the spring contributing from -6 % of the total nitrogen utilized in the northern reaches of the Bay to >30% in the south (Glibert et al. 1995) .
This study is part of a continuing effort to incorporate the DON pool into our understanding of Chesapeake Bay nutrient dynamics. We measured rates of nitrogen uptake and release during 3 seasons in the mesohaline reach of the Bay to provide detailed pictures of organic and inorganic nitrogen cycling in the water column. Our objectives were: (1) to determine the short-term v;riabi!ity (h) in rztes of nitrogen uptake a n d release: (2) to compare gross NH,' uptake rates, which correct for 15N label lost to the DON pool, with traditionally measured net uptake rates (Bronk et al. 1994) ; (3) to compare DON release (assumed to be a primarily autotrophic process with the methods we employed) with NH,' and urea regeneration (assumed to be primarily heterotrophic in nature); and (4) to compare rates of nitrogen uptake and release with rates of carbon uptake and release over short-term and seasonal time scales.
MATERIALS AND METHODS
Field sampling. We occupied an anchor station in the mainstem of Chesapeake Bay (Station #3 in Malone et al. 1991 ) on 15 to 16 May, 31 August to l September, and 20 to 21 October 1988. During each sampling period, near-surface water was collected every 3 h for 30 h with either an acid.-washed Niskin bottle or a polyethylene bucket.
Concentrations and standing stocks. At each time point, water was first filtered through precombusted (450°C for 2 h) Whatman GF/F filters and flash frozen in liquid nitrogen for later determination of nutrient concentrations in the laboratory (within several weeks). Concentrations of NO3-, NOz-, and phosphate were determined with a Technicon AutoAnalyzer, concentrations of urea were measured with the urease method (Parsons et al. 1984) , concentrations of NH,'
were measured manually with the phenol/hypochlorite technique (Parsons et al. 1984) , and concentrations of DON were determined by the persulfate oxidation technique (Valderrama 1981) . Water was also filtered through a 0.2 pm Nuclepore filter for subsequent determination of the concentration of dissolved primary amines (DPA; Parsons et al. 1984) . Concentrations of dissolved organic carbon (DOC) were measured with wet persulfate digestion as originally described by Menzel & Vaccaro (1964) and as modified by McDowell et al. (1987) . Concentrations of chlorophyll a (chl a) were measured according to the fluorometric technique in Parsons et al. (1984) . Particulate nitrogen (PN) and particulate carbon (PC) were analyzed with a Control Equipment CHN analyzer.
Uptake and regeneration of inorganic nitrogen. At each time point, we used 15N tracer techniques to estimate nitrogen flux rates. We used nutrient concentrations from prior years to estimate the 15N additions that would yield about 10% enrichment over ambient levels. The initial atom % enrichment of the substrate pool was calculated based on the ambient concentration and the amount of I5N added. In the 1 5~ mass balance, final atom % enrichments were calculated in a similar fashion with the exception that the initial substrate concentration was corrected for the amount of substrate taken up during the incubation, based on the measured uptake rate. The target enrichment levels were achieved in May and October. Due to the highly variable nature of the ambient concentrations in August, however, enrichments were 31 + 17 and 71 +-21 % for NH4+ and NO,-, respectively.
Incubations were done in 1 1 polycarbonate bottles, in on-deck flow-through incubators under simulated in situ light and temperature conditions. Incubations were ln~tiated within 20 min of sample collection, and all samples were incubated for -0.5 h; in high biomass waters such as Chesapeake Bay, this incubation time allows measurement of ambient rates while minimizing the risk of substrate depletion (Wheeler et al. 1982 , Glibert & Capone 1993 . At the end of the incubation we filtered only enough sample, through precombusted GF/F filters, to collect enough nitrogen on the filter for analysis; filtration times were -5 min in May and August and 10 min in October. Filters were subsequently dried at 50°C, ampoulated, and analyzed by mass spectrometry . We note that GF/F filters retain autotrophic phytoplankton, including most picoplankton, and about 50% of the heterotrophic bacteria in Chesapeake Bay (Glibert et al. 1995) . Therefore, our measurements include uptake by bacteria but likely do not represent total bacterial uptake.
The filtrate from the NH4+ incubation was collected, split into 2 aliquots, and frozen for later determination of ISN atom ?40 enrichment of the NH,' and DON pools (see below). The NH,+ atom % enrichment was determined by distillation and evaporation followed by mass spectrometric analysis. These data were used to calculate the rate of NH,' regeneration and to correct the NH,' uptake rates for isotope dilution .
Uptake and regeneration of urea. Urea uptake rates were determined with the same I5N tracer techniques used to measure rates of inorganic nitrogen uptake. Enrichment levels were -10% for May and October, and -25 % for August. Rates of urea regeneration were determined from isotope dilution in parallel 250 m1 samples enriched with the same concentration of I4C-labeled urea (Hansell & Goering 1989 , Glibert & Capone 1993 . Urea uptake rates were corrected for isotope dilution.
Isolation of the DON pool. From the NH4+ incubation experiments, one of the aliquots of filtrate was filtered through a 0.2 pm Nuclepore filter and frozen in liquid nitrogen for later processing. On shore, we measured the DON concentration, as above, and we passed 9 m1 of the remaining filtrate through ion retardation resin (BioRad AG 11 A8), which removed inorganic ions (including NH,' and NO,-) , leaving eluate containing the DON (Bronk & Glibert 1991, 199313) . Eluates were boiled down to -2 ml, blotted onto a precombusted GF/F filter, and analyzed by mass spectrometry (Bronk & Glibert 1991) .
We note that DOW Chemical has changed the manufacturing process of the BioRad AG 11 A8 resin within the last few years. As a result of the manufacturing change, the new resin now retains variable amounts of DON. This DON retention is believed to be due to an accumulation of an organic film on the resin beads during manufacturing (BioRad pers, comm.). The original resin, including the resin we used in this study, did not retain DON. We are presently investigating methods to manufacture the original form of the resin in the laboratory (Bronk unp.ub1. data) .
Calculation of uptake rates. Uptake rates of NO,-and NO2 were calc.ulated according to the commonly used equations introduced by Dugdale & Goering (1967) :
PN atU/oxs P = DIN atS;xs X Time X IPNI where p is the uptake rate in pg-at. N 1-' h-'; PN at%xs is the ''N atom % enrichment of the PN minus atmospheric liN enrichment (typically 0.365) in atom %; DIN at%xs is the initial enrichment of the DIN pool minus atmospheric 15N enrichment in atom %; time is the period of incubation in hours; and [PN] is the concentration of PN in the sample at the end of the incubation in pg-at. N 1-l. In the case of NH4+ and urea, the at%xs in the denominator was corrected for isotopic dilution as described by Glibert et al. (1982) for NH4+ and Hansell & Goering (1989) , as modified by Glibert & Capone (1993) , for urea. These rates are net uptake rates as they represent the I5N retained within the particulate material at the end of the incubation (Bronk et al. 1994) .
To calculate the gross NH4+ uptake rate, we first calculated the gross atom ' (Bronk et al. 1994, Collos pers. comm.) to generate the following equation:
where p~ is the gross uptake rate in pg-at. N 1-' h-' and other terms are as described above. Laws (1985) proposed that a distinction be made between an assimilation rate, A, and an apparent uptake rate, U. The traditionally determined rate, which we term the net uptake rate, is virtually identical to the assimilation rate described by Laws (1985) . However, our calculation of gross NH4' uptake rates and the apparent uptake rate, U, are not the same. Our calculations are based on a direct measurement of the 15N content in the DON pool, whereas U 1s not.
Calculation of DON release rates. In the "NH,' incubations, the rate of DON release was calculated by subtracting the net NH,+ uptake rate (Eq. 1) from the gross NH,' uptake rate (Eq. 3; Bronk et al. 1994) . The DON release rates we present here are net rates, because they are a measure of the DON which has been released from the phytoplankton and is present in the extracellular pool at the end of the incubation. We note that this DON release rate only represents DON release that results from NH,' uptake. If the atom % enrichments of the DON pool had been determined for incubations with other inorganic nitrogen substrates, the same formulations could be used.
The method of determining the rate of DON release presented here differs from a method previously reported (Bronk & Gliberi 1991 , 1993b . Whereas both methods require isolation of the extracellular DON pool, the method presented here does not require a separate analysis of the 15N content of the intracellular organic pool, and is thus considerably less labor intensive.
To compare flux rates with changes in ambient nitrogen pools, w e calculated cumulative daily nitrogen flux rates by integrating the hourly rates, measured every 3 h, over a 24 h period by assuming that the measured rate was constant for the -3 h that separated the individual rate measurements. The resulting rate is the mass of nltrogen taken up or released during a 24 h period expressed as pg-at. N 1-I d-l. We note that nitrogen flux rates were measured at -09:OO and 12:OO h on 2 consecutive days; both of the rates measured at 09:OO and 3.2:00 h were averaged and then used in the calculation to obtain the integrated flux for a 24 h period.
Error analysis. We were unable to perform duplicate I5N incubations. To estimate the variability associated with the final rate measurements, a propagation of error analysis was performed as described in Bevington (1969) . The variance of the nutrient concentrations and atom % enrichments were calculated from replicate analyses (i.e. duplicates or triplicates depending on the analysis). This method provides a conservative cstlmate of the variance.
Uptake and release of carbon. Details of the methods used to determine rates of carbon uptake and DOC release are described in Malone et al. (1991) . In brief, whole water and prefractionated (1 pm Nuclepore filter) samples were incubated with ',C-labeled NaHC03 for 6 h, beginning at dawn, and subsamples were withdrawn on an hourly basis. The rates reported in Malone et al. (1991) , and used in this paper. were calculated from the slope of the least squares regression line generated during the 6 h time-course. To calculate daily rates, we multiplied the rate determined from the least squares regression by 16 h if the process was light dependent [i.e. dissolved inorganic carbon (DIC) uptake] or 24 h if it was not light dependent (i.e. DOC release). The amount of label incorporated was also measured after 24 h to determine autotrophic production for the whole water samples. The difference between hourly rates, determined in the short-term incubations, and the 24 h rates was used to estimate the respiration rate.
RESULTS

Ambient environmental conditions
Changes in the concentrations of inorganic nutrients were generally consistent with previous reports for Chesapeake Ray during spring, summer, and fall ( Fig. 1A-F) . In May, mean No3-concentrations approached 30 pg-at. N 1-l, reflecting the large influx of nitrogen-rich freshwater into the Bay from the Susquehanna River; concentrations of NO3-were depleted during the other months in the study (Fig. ID-F) . In contrast, concentrations of the regenerated forms of nitrogen (NH,', urea, and DPA) were relatively low in May, and the highest NH4+ concentrations were measured in October (Fig. 1A-C) . Large variations in urea and DPA were not observed between seasons, suggesting a tight coupling between uptake and regeneration processes. Alternatively, concentrations of the bulk DON pool more than doubled from May to August, before decreasing again in October (Fig. ID-F ).
Phosphate concentrations were 0.10 + 0.06 in May, 0.18 + 0.08 in August, and 0.07 + 0.02 in October. Ambient D1N:DIP ratios ranged from 84 to 430, ? to S?, and 74 to 184 in May, August, and October, respectively.
In August, concentrations of NO2-were very h~g h , nearly reaching 10 pg-at. N 1-' (Fig. 1E) . The day before our August sampling began, the remnants of a tropical depression, 'Chris', passed through the Bay. Wind events can trigger a series of short-lived nutrient and microbial processes. In particular, wind mixing of NH,+ rich water, likely of sedimentary origin, across the pycnocline may have led to enhanced rates of nitrification; this response to storm-induced mixing in Chesapeake Bay has also been noted in McCarthy et al. (1984) and Horrigan et al. (1990) .
The highest and most variable concentrations of PN and chl a were observed in August, and the lowest concentrations were seen in October (Fig. 1G-I ). The mean and standard deviations of PN:chl a ratios were 1.0 + 0.2, 1.3 + 0.3, and 0.4 + 0.1 for May, August, and October, respectively, suggesting that the PN was composed largely of living phytoplankton or phyto- 
During August, we observed a patch of 'brown' water between 12:00 and 18:OO h, coincident with substantial increases in the concentration of PN and chl a, and decreases in the concentrations of NH,', NO2-, and urea ( Fig. 1 ). Sporadic and localized dinoflagellate blooms often develop in the summer in Chesapeake Bay (Loftus et al. 1972 , Seliger et al. 1981 , and it is likely that such a patchy bloom passed through our sampling site on the afternoon of Day 1 and returned 12 h later; such a patch may have either been carried with the tide or migrated vertically.
Rates of nitrogen uptake and release
Mass balances of I5N label were reasonably achieved for all uptake experiments. For the NO3-and urea incubations, 100 2 0.3 and 100 * 3.8% of the 15N label was accounted for in the combined PN and substrate pools at the end of the incubations. For the NH4+ measurements, 105 A 27% of the 15N label was accounted for in the combined PN, NH,', and DON pools at the end of the incubations; 15N in the DON pool alone accounted for 15 + 13, 4 * 4, and 1 k 1 % of the total 15N recovered in May, August, and October, respectively.
In general, rates of nitrogen uptake were highest overall in August and lowest in October (Fig. 2) . We
Time of Day (h)
normalized uptake and DON release rates to ambient chl a concentrations (units were pg-at. N pg-' chl h-'; data not shown) and found the same patterns over the course of the 30 h study as we present in Figs. 2 & 3A-F. During May, uptake rates of all measured substrates were comparable, and NO3-uptake rates were the highest we measured during the 3 cruises. In August, however, net uptake rates varied by a factor of 15 (Fig. 2) . Unfortunately, rates of NO2-uptake were not determined in August when NO2-concentrations were high. By October, NH,' was the dominant nitrogen form used.
Relative to uptake rates, the mean rates of DON release were similar between seasons (Fig. 3D-F) . The cumulative amount of DON released during 24 h was highest in May and decreased throughout successive cruises (1.73, 1.29, and 0.82 pg-at. N 1-' d-' for May, August, and October, respectively). We note that we did not measure the production of DON during incubations with NO3-or urea. Therefore, our estimates of DON release would be an underestimate of the total DON release rate. Mass balances of I5N for experiments with NO3-and urea, done in May and October, showed complete recovery of the 15N we added, and so we have no empirical evidence for significant rates of DON release; direct measurements are needed to confirm this in future studies.
In all 3 studies, rates of DON release measured at dawn and dusk appeared to be higher than those mea-sured at other times during the day, though the relaand dusk, and thus greater release due to 'sloppy tionship was not significant at the 95% confidence feeding'. level (Fig. 4) Relationships between nitrogen uptake and release rea From season to season, the relationship between total nitrogen .uptake and regeneration differed considerably, as did the percentage of each nitrogen form used and regenerated. During May and August, the ratio of total nitrogen release, NH,' regeneration, and urea regeneration to their respective uptake rates were all €1, indicating that uptake exceeded release (Table 1 ). In October, however, the total amount of nitrogen released and NH,' regenerated was -3 times greater than the amount of total nitrogen or NH4+ taken up. As a percentage of gross uptake, 32, 10, and 36 % of the total flux of NH,' into cells was released as DON in May, August, and October, respectively (Table 1) .
In May, NH,+, N o 3 -, and urea contributed roughly equal proportions to total nitrogen uptake, while in August and October the proportion of NH,' taken up exceeded all the other substrates combined (Fig. 5) . Likewise, in May, urea, NH,', and DON were all released or regenerated in roughly equal proportions. However, with time, the relative release of urea declined, such that by October, the contribution of urea to regenerated nitrogen was barely detectable. The contrib'ution of autotrophic DON release to total nitrogen release likewise decreased from May to August, and remained low in October (Fig. 5) . Seasonally, the relative proportion of nitrogen in the PN, DIN Table l . Autotrophic and heterotrophic nitrogen release relative to uptake. Rates of uptake are defined as the nitrogen taken up by organisms collected on a GF/F filter, which thus includes autotrophs as well as some heterotrophs. Nitrogen flux values were integrated over 24 h, assuming a measured rate was constant for the interval between measurements. Total nitrogen release includes NH,' and urea regeneration and DON release. Total nitrogen uptake includes gross NH,' uptake and net N O 3 and urea uptake (NO; uptake was included in October) and DON pools also changed (Fig. 6) . Coincident with these concentration changes were dramatic shifts in the C:N ratio of the dissolved organic matter (DOM) .pool (Table 2 ). In May, this ratio was 36.8, indicative of a relatively nitrogen poor mixture (Table 2 ). In August, however, the C:N of the DOM pool had dropped to 8.8, and the mean DON concentration had increased from 7 to 42 1.1~-at. N 1-I (Fig. 6) . By October, the concentration of the DON pool was reduced by more than 50% from August, and the C:N ratio of the DOM pool had doubled to 17.7 (Table 2 ). The C:N ratios of the particulate material a.veraged 8.5 in May and 5.8 in August (C:N values of the particulate fracti.on were not available for October). Table 2 . Carbon to nitrogen molar rat~os for parti.culate and dissolved organic fractions and various rate processes. Ratios were calculated using data from Fig. 7 . Total carbon uptake includes autotrnphic production and bartenai aissoivea organic carbon (DOC) uptdke. Total nitrogen uptake includes gross :;I-l,+ uptake and net NO, and urea uptake (NO2-uptake was included in October 
Carbon flux
Autotrophic production, including autotrophic DIC uptake and DOC release, was lowest in May but comparable in August and October (Table 3 ; Malone et al. 1991) . Rates of DOC uptake and release were comparable in May and August but very low in October (Table 3 ; Malone et al. 1991) . We estimated respiration rates for each study by calculating the difference between the carbon uptake rate measured in the 24 h incubation and the carbon uptake rate measured in the short-term incubation. This approach yielded estimates of respiration loss that were very similar to direct respiration measurements done in the mesohaline Chesapeake Bay in 1989/1990 by Smith & Kemp (1995 ;  Table 3 ).
Turnover times
Turnover times for NO3-were longest in May, when NO3-concentrations were highest, and shortest in August, when No3-concentrations were near the limit of detection (Table 4 ). Turnover times for the regenerated forms of nitrogen, NH4+ and urea, were lowest in May and August, and increased several-fold in October (Table 4 ) . Mean turnover times for DON were comparable to NO3-in, the spring, and much longer than the inorganic nitrogen forms or urea in August and October (Table 4 ). The turnover times for DOC, at 40 to 87 d, were 8 times longer than DON turnover times in the spring but comparable in summer and fall (Table 4) . Odum (1956) introduced the use of the ratio of autotrophic production to total community respiration as an indicator of th.e relative importance of autotrophy versus heterotrophy in aquatic systems. Based on this principle, Smith & Kemp (1995) measured rates of plankton communi.ty production a.nd respiration and concluded that the mesohaline Chesapeake Bay is primarily al~totrophic in the spring and primarily heterotrophic in the summer and fall. Our results m May, August, and October are consistent with these findings. From spring to fall, we observed a switch from a system in May dominated by autotrophic processes, in which rates of total nitrogen uptake exceeded regeneration (Table 1. ) and the ratio of autotrophic DON release to total release was the highest tve observed (Fig. 51 , to one in October dominated by heterotrophic processes, in which total nitrogen regeneration was 3-fold greater than total nitrogen uptake (Table 1) and Table 3 . Carbon flux estimates (taken from Malone et al. 1991 ) Autotroph~c production includes autotrophic dissolved organic carbon (DOC) uptake and DOC release. Estimated respiration rates were calculated by t a k~n g the difference between the carbon uptake rate measured in a 24 h incubation and the carbon uptake rate measured during a short-term 6 h time-course. Direct measurements of respiration made by S m~t h & Kemp (1995) heterotrophic NH,+ regeneration far exceeded autotrophic DON release (Fig. 5) . These data provide a consistent picture of a Bay relying on allochthonous new nitrogen in the spring, and becoming increasingly reliant on autochthonous regenerated nitrogen during the transition to summer and then fall. Here we discuss our experimental assumptions, the balance between carbon and nitrogen flux rates, and provide a synthesis of how carbon and nitrogen flux rates varied with season.
DISCUSSION
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Experimental considerations and assumptions
To compare heterotrophic release with autotrophic release processes, we measured release of 3 nitrogen substrates: NH,', urea, and DON. Measurements of NH,+ and urea regeneration rates were based on isotope dilution, and therefore are measures of heterotrophic release. With these techniques, we cannot separate the contribution of bacteria from other heterotrophs. Generally, microzooplankton are responsible for the bulk of NH,+ regenerated in a range of systems, including summer in Chesapeake Bay (e.g. Harrison 1978 , Glibert et al. 1992 . However, the low C:N ratio of released DON we measured suggests that this material would be a substrate that would promote bacterial regeneration of NH4+ (Goldman et al. 1987 , Jargensen et al. 1993 .
In contrast, the method we used to measure DON release differs substantially from the isotope dilution methods used to measure NH4+ or urea regeneration. Our method for measuring DON release is dependent on cells becoming labeled with inorganic nitrogen (in this case, NH,+), so we view the DON release we measured as largely an autotrophic process. Release of DON from autotrophic cells would include such processes as direct release across the cell membranes, cell death and lysis, grazer-mediated release (i.e. sloppy feeding), and release due to autotrophic viral infection. Release by bacteria may also occur, although it would likely be a small percentage of the release from autotrophic cells.
Balance between carbon and nitrogen uptake and release
The carbon and nitrogen flux data were used to estimate a number of C:N relationships (Table 2 , Fig. 7 ) . The C:N ratio of total carbon to total nitrogen uptake was below the Redfield ratio in May, suggesting a nitrogen sufficient plankton community (Redfield 1958; Table 2 ) . Ratios of C:N uptake below Redfield proportions have previously been documented for the mesohaline Chesapeake Bay during spring (Glibert et al. 1995) , as well as for the coast of Brazil (Metzler et al. 1997) , and the equatorial Pacific (McCarthy et al. 1996) during strong upwelling conditions. These low ratios may have resulted from uptake of nitrogen in excess of growth requirements (for example, diatoms have the capacity for large internal storage pools of nitrogen; Wheeler et al. 1983) , light limitation of carbon uptake due to the shallow euphotic zone, or nitrogen uptake by heterotrophic bacteria. In May, a likely cause of the low C:N uptake ratios was the dominance of diatoms and their capacity for maintaining large internal storage pools of nitrogen. In August, the C:N ratio for car----bon and nltrogen uptake was again below Redfield found in October, suggest a physiologically stressed proportions at 3.6. In August, however, a more likely assemblage. cause for the low ratios was substantial uptake of nitro-
The uptake and release of DOM appears to be seagen by bacteri.a; bacterial productivity is at an annual sonally out of phase, resuIting in an accumulation of maximum in the summer (Boynton et al. 1982, h4alone nitrogen-rich DOM from spring to summer and then 1992, Shiah & Ducklow 1994). In contrast to May and utilization of this material from summer to fall. The August, the C:N ratio of uptake in October was 22.5, C:N ratio of the released DOM was very low, 3.4 to approximately 4-fold higher than Red.field proportions 4.5, during all 3 seasons (Table 2) , which indicates ( Table 2) . Ratios of C:N uptake in excess of Redfield release of nitrogen-rich compounds, such as DPA. The proportions, combined with the very low uptake rates, lowest mean ratio was observed in May, when concentrations of DPA were the highest measured (Fig. l ) . The low C:N ratios of D0C:DON release rates are consistent with the large changes
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we observed between studies in the C:N grazing (C) Total N relcasc ratio of the dmbient DOM pool (Fig. 6) . In 
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Whlte & Roman 1992a) over a 24 h perlod measured during 3 studies in the mesohaline Chesapeake Bay. We consider the flow of nitrogen and carbon driven by a combined autotrophic/bacterIa ( 0 1 compartment and a heterotrophic grazer (' () compartment. Font and symbol sizes are indicative of the size of the pool represented. Autotrophic and bacterial nitrogen and carbon uptake were combined into 1 pool. Nitrogen flux values were ~ntegrated over 24 h, assuming a measured rate was constant for the interval between measurements. Total nitrogen release includes NH4' and urea regeneration and DON release. Total nltrogen uptake includes gross NH,' uptake and net N O , and urea uptake (NO2-uptake was inc!uded in Ortoher!. Daily DIC uptake into autotrophs was estimated by multiplying the hourly carbon fixation rate by 16, assuming that these processes only occur in the I~ght. Daily DOC uptake and release were estimated by multiplying the hourlv rate by 24. assuming that these processes arc not dependent on a light/dark cycle. We indicate DON and DOC release coming primarily from the autotroph/bacteria fraction because of the methods we used. DON and DOC may also be released by heterotrophic grazers, but this flux would not be included in our measured rates DOM we measured in May was refractory and remained in the water column, the C:N of the DOM that was added to this pool from May to August would require a C:N of -3.1; this is consistent with the low C:N ratios we measured for D0C:DON release. By October, the concentration of the DON pool was reduced by more than 50% from August, and the C:N ratio of the DOM pool had doubled to 17.7. As the biota of the Bay apparently relied more on regenerated nitrogen throughout the summer, the increase in the C:N ratio of the DOM pool observed in October could be due to preferential use of nitrogen-containing organic moieties resulting in the accumulation of relatively carbon-rich DOM (Sambrotto et al. 1993 ).
Seasonal synthesis
Our results in May are consistent with previous observations in Chesapeake Bay which suggest that the Bay is primarily autotrophic in the spring and dependent on new N O , inputs. Based on trends in chl a concentrations and primary production measured in the mesohaline Chesapeake Bay during 1988 (Malone et al. 1991) , our May cruise appeared to take place during the mid to late spring bloom. Concentrations of NO3-were still elevated during our study and chl a concentrations were approaching the seasonal maximum (-19 pg chll-') measured by Malone et al. (1991) . The spring bloom in Chesapeake Bay is usually diatom based and typically declines by mid-May due to inorganic nutrient limitation of biomass production (Sellner & Brownlee 1988 , Conley & Malone 1992 , Glibert et al. 1995 . The decline of the spring bloom also tends to mark the change from a plankton community whose growth rate, as opposed to biomass accumulation, is limited by phosphorus to one limited by nitrogen (Malone et al. 1996) . The high DIN:DIP ratio we measured (249 ? 92) and long turnover times of the DIN pool (120 rt 22 h for No3-alone; Table 4 ) are consistent with a trend towards phosphate limitation in the spring (Malone et al. 1996) .
Quantitatively, more DON was released from autotrophs in May than during August or October. In parallel experiments with ours, White & Roman (1992a) found that grazing rates were also highest in May relative to the other 2 seasons (Fig. 7) . This suggests that breakage of cells during 'sloppy feeding' may have contributed to the relatively high DON release rates we measured. While grazing rates of the macrozooplankton were at a seasonal high, our measured nitrogen regeneration rates were at a seasonal low (Fig. 3G) . During this time of year, however, it would be expected that the macrozooplankton would be retaining much of their incorporated nitrogen for growth and egg production (White & Roillan 199213) .
Our results in August are consistent with previous observations in Chesapeake Bay which suggest the Bay becomes increasingly heterotrophic in the summer, as well as having an increased dependence on regenerated NH,+ (Malone et al. 1988 , Smith & Kemp 1995 . As a percentage of total nitrogen regeneration, heterotrophic regeneration increased from 70% in May to over 93% in August (Fig. 5) .
The August study took place immediately after a tropical depression passed through the area. During this study, w e observed patches of chl a-rich water alternating with patches of increased NH,', urea, and NO2-concentrations (Fig. lB, E) . Increased concentrations of NH,' may have been the result of sediment regeneration and then transport to the surface during the storm. Benthic regeneration rates in the mesohaline Bay are at a seasonal maximum during the summer (Kemp & Boynton 1981) , and are believed to support the summer productivity maximum in the Bay (Kemp & Boynton 1984) . The ratio of our measured NH,' regeneration to NH4+ uptake was 0.86 in August, suggesting that another nitrogen source, such as release from the sediments, was necessary to sustain the plankton nitrogen demand (Table 1) .
In general, Chesapeake Bay is also characterized by nitrogen limitation of biomass specific rates in the summer (Malone et al. 1996) . Consistent with this scenario, D1N:DIP ratios (7 to 57) were much lower than those measured in May and, at times, even dropped below the Redfield ratio. Turnover times for DIN decreased but turnover times for organic nitrogen (urea and DON) increased (Table 4) . Also, nitrogen use was less diverse, with NH,+ being the dominant substrate used, perhaps reflecting heterotrophic bacterial utilization (Kirchman 1994) . The lower mean particulate C:N ratio measured in August (5.8 compared to 8.5 in May; Table 2 ) would be consistent with an increase in bacterial biomass.
The relative proportion of DON release to gross NH4+ uptake in August was the lowest we measured at 10% (Table 1) . This low proportion of DON release to NH4+ uptake could be due to rapid incorporation of recently released DON, a process which was likely occurring during the warm summer month of August, particularly in view of the nitrogen-deficient status of the Bay. Alternatively, this low ratio of release to uptake could reflect the lower abundance of grazers observed during the August cruise (White & Roman 1992a) .
Our results in October are again consistent with the results of previous observations that suggest the mesohaline Chesapeake Bay is predominantly heterotrophic in the fall (Smith & Kemp 1995) . Heterotrophic nitrogen regeneration w a s 3 to 4 times higher t h a n t h e primarily autotrophic nitrogen d e m a n d (Table 1) . In s p i t e of t h e relatively h i g h concentrations of a m b i e n t DIN a n d favorable DIN:DIP ratios, nitrogen u p t a k e rates w e r e t h e lowest of t h e seasons studied a n d D O N release rates w e r e relatively high, t h e combination of which suggests a nutrient-stressed a s s e m b l a g e .
Conclusions
W e w e r e a b l e to m e a s u r e a b r o a d suite of nitrogen a n d c a r b o n fluxes in t h e near-surface w a t e r s of C h e s ap e a k e Bay d u r i n g 3 cruises t o provide a m o r e c o m p r ehensive view of t h e dynamics of t h e s e pools t h a n h a s b e e n available to d a t e . We found that w a t e r column nitrogen d e m a n d e x c e e d e d nitrogen regeneration in t h e spring b u t nitrogen regeneration w a s over 3 times g r e a t e r t h a n t h e nitrogen d e m a n d b y t h e fall. M e a n rates of autotrophic D O N r e l e a s e w e r e highest i n M a y b u t heterotrophic release w a s m o r e important in s u mm e r a n d fall. During all seasons, t h e C : N ratio of t h e released D O M w a s in t h e r a n g e of 3.4 to 4.5, suggest- T h e s e d a t a provide a consistent picture of a system t h a t is primarily autotrophic i n t h e spring, b u t b e c o m e s progressively m o r e heterotrophic later in t h e year.
T h e s e d a t a also suggest that D O N is an important intermediate in this transition a n d serves a s a link b e t w e e n t h e allochthonous nitrogen-based autotrophic production in t h e spring a n d t h e autochthonous nitrog e n -b a s e d heterotrophic system i n t h e s u m m e r a n d fall.
